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Summary 
Two modules have been developed which qualify mesoscale atmospheric models for simulat-
ing the chemical transport at resolutions much higher than the model grid. Compared with 
total fine-grid application this method proves to be nearly so efficient but more economic. The 
modules solve the chemical transport equations (a) and submit the horizontal subgrid (b) for 
the meteorological and chemical calculations: 
(a) The chemical transport module considers the triad NO-N02-03 together with a simplified 
hydrocarbon chemistry. Involved are chemical reactions, anthropogenic and biogenic emiss-
ion, dry deposition, passive transport, and turbulent diffusion. For these calculations a special 
vertical subgrid was introduced within the lowest atmospheric model layer. lt eliminates the 
frequently used approach of constant vertical particle fluxes near the surface. 
(b) The horizontal-subgrid module splits the horizontal model grid equidistantly into subgrid 
cells. The vertical surface fluxes of momentum, sensible and latent heat, radiation, soil heat 
and wetness, and chemical components are explicitly treated on this subgrid. The subgrid-
averaged surface fluxes are employed for the (coarser) normal-grid calculations of the atmo-
spheric meteorological variables. In contrast to the meteorological quantities, the chemical 
components and processes are perf ormed at all model layers on the horizontal subgrid. 
Several results are compared to conventional simulations of variable model resolution. 
Zusammenfassung 
Zwei Programm-Module für mesoskalige Atmosphärenmodelle sind entwickelt worden, die 
Chemie-Transport-Vorgänge in höherer als der normalen Modellgitter-Auflösung simulieren. 
Im Vergleich zu hochaufgelösten Standardmodell-Anwendungen erweist sich diese Methode 
als effizienter. Die Module lösen die Chemie-Transport-Gleichungen (a) und schaffen das 
horizontale Untergitter für die meteorologischen und chemischen Berechnungen (b): 
(a) Im Chemie-Transport-Modul wird die Triade NO-N02-03 gemeinsam mit einer verein-
fachten Kohlenwasserstoff-Chemie betrachtet. Berücksichtigt werden chemische Reaktionen, 
anthropogene und biogene Emissionen, trockene Deposition, passiver Transport und turbu-
lente Diffusion. Für diese Berechnungen wurde innerhalb der untersten Modellschicht ein 
spezielles vertikales Untergitter eingeführt, um die in Oberflächennähe häufig angewendete 
Näherung konstanter Stoffflüsse zu eliminieren. 
(b) Das Untergitter-Modul unterteilt das horizontale Modellgitter in Unterzellen, auf welche 
die Berechnung der Boden- und Oberflächenflüsse bezogen wird. Die vertikalen Oberflächen-
flüsse von Impuls, sensibler und latenter Wärme, Strahlung, Bodenwärme und -feuchte sowie 
der chemischen Komponenten werden explizit im Untergitter bestimmt. Die über die Unter-
zellen gemittelten Flüsse werden für die im (gröberen) Modellgitter ablaufenden Berechnun-
gen der meteorologischen Größen genutzt. Im Gegensatz dazu werden die chemischen Kom-
ponenten und Prozesse in allen Modellschichten vollständig auf dem Untergitter behandelt. 
Einige Ergebnisse dieser Methode werden im Vergleich mit Standard-Simulationen unter-
schiedlichen Auflösungsgrades gezeigt. 
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1. Introduction 
Atmospheric simulations with regard to the chemistry of trace gases including emission and 
deposition demand a numerical resolution as high as possible, especially near the surface. 
Biogenie and anthropogenic emissions arise from the narrow surface layer, and the dry de-
position is decisively controlled by the foliage receptivity. The horizontal variation of the 
relevant processes and quantities follows the real surface heterogeneity. Moreover, Kramm et 
al. (1995) showed, that chemical reactions lead to vertically variable fluxes of the trace gases 
and thus violate the constant-flux approach, which is mostly used close to the surface to 
minimize the number of model layers. 
On the other side, the horizontal resolution of mesoscale models of atmosphere is frequently 
confined to values much !arger than 1 kilometre. An effective method of achieving higher 
resolution without proportional run-time expense is applied here. A horizontal subgrid for the 
vertical fluxes of the meteorological quantities in the soil and on the surface is inserted (Seth 
et al., 1994; Mölders et al., 1996). The main advantage of this method originates from the very 
high resolution of the model surface and from the sparse resolution at higher levels. The 
chemical transport calculations (added to the atmospheric model) are performed totally on this 
subgrid, even on the higher model layers. 
At a previous stage, the chemical transport module was strongly restricted to the NO-N02-03 
triade chemistry (Hinneburg and Mölders, 1999). The attainable equilibrium led to minimal 
ozone concentrations. Recently, reactions with hydrocarbons are included, which tilt this 
photo-chemical equilibrium. Moreover, the module has been totally enveloped by the horizon-
tal-subgrid method, which results in an excellent resolution of the calculated concentrations 
and deposition rates. 
2. Model 
2.1. Atmospheric model base 
The mesoscale non-hydrostatic atmospheric model GESIMA (Kapitza and Eppel, 1992; Eppel 
et al., 1995) is used. lt is applied preferably on scales of 1...5 km mesh size ( e.g., Rudolph and 
Gayer, 1995; Mölders and Raabe, 1996; Hinneburg et al., 1997). This model was extended by 
inserting a chemical module (see chapter 2.2) and a module for the horizontal-subgrid method 
(see chapter 2.3). In the following, some relevant features of the meteorological model that 
remain unaffected are shortly described. 
The vertical fluxes of momentum, sensible and latent heat as well as of cloud constituents are 
treated near the surface by presuming the constant flux approach. The corresponding reference 
values are taken from the first layer. The soil heat diffusion is simulated semi-implicitly, 
whereas the soil wetness is calculated according to the force-restore method with regard to the 
evaporative conductivity of the vegetation-canopy layer. The longwave radiation transfer is 
accounted for by a two-stream approximation. The soil surface temperatures are determined 
by balancing the specified energy fluxes. 
The relevant properties of the surface are prescribed by a set of parameters (e.g., roughness 
length, albedo, emissivity). The dominant surface type of a grid cell with its characteristics is 
chosen as the representative of that cell; however, this critical premise will be broken 
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decisively by the subgrid method as described in chapter 2.3. A terrain-following coordinate 
system with non-equidistant vertical grid is used to discretize the variables involved in the 
anelastic dynamic and passive transport equations. 
Before the 3-dimensional atmospheric model can be applied to the heterogeneous region 
considered, a pre-run of the 1-dimensional model version is required. lt is carried out for 
homogeneous surface conditions and provides the initial vertical profiles of the meteorologi-
cal quantities. 
2.2. Chemical transport module 
The chemical transport module, which is inserted into the time loop of the atmospheric model 
(see chapter 2.1), considers the trace gases NO, N02, 0 3, hydrocarbons, peroxide radicals, as 
well as an inert tracer for reference. Due to variable emissions, chemical reactions, and 
depositions, the vertical fluxes of the pollutants near the surf ace can not be determined using 
the constant-flux approach as applied for the meteorological quantities. In order to calculate 
the trace gas concentrations and fluxes near the surface at substantially higher vertical resolut-
ion, a vertical subgrid within the first atmospheric model layer (thickness 40 m) is introduced 
into this module. 
The module includes the following processes to determine the distribution and the transport of 
the trace gases (for several details and equations see Hinneburg and Mölders, 1999): 
a) Anthropogenie emission: 
The input data of anthropogenic NOx emission rates for the region and date of interest (see 
chapter 3.1) are available as plane sources on a lkm-grid from Wickert et al. (1997). Depend-
ing on the intensities, the values are distributed over several layers of the model grid or the 
vertical subgrid, respectively. Emission rates below 20 kg km-2 h-1 are interpreted as originat-
ing from traffic and linearly decreasing with height (up to 20 m), whereas overflowing values 
are treated as industrial sources distributed homogeneously in the vertical range from 40 m to 
100 m. The splitting between NO and N02 is chosen tobe 90% / 10% (Trepte, 1998). The 
emission rates of the inert reference tracer are the same as for NOx. 
b) Biogenie emission: 
The biogenic NO emission flux is modelled in dependence on the type of vegetation and the 
surface temperature (Williams et al., 1987). This surface flux defines the so-called compensat-
ion value of the gas concentration for the boundary condition at the surface. The values for the 
species other than NO vanish. 
c) Dry deposition: 
According to the flux-resistance concept, the flux of dry deposition is modelled as the ratio of 
the local concentration at the lowest calculation level of the vertical subgrid (2 m above the 
surface) and the resistance to transfer the gas. This resistance is composed of the integral 
reciprocal atmospheric diffusivity over the remaining distance down to the surface and of the 
bulk-resistance of the recepting surface. The surface resistance results from the parallel soil, 
cuticular, and stomatal resistances. The latter one is the reciprocal of the evaporative 
conductivity depending on vegetation type, solar radiation, temperature, humidity, and soil 
wetness. For the inert tracer dry deposition is excluded. 
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d) Chernical reactions: 
The photodissociation of N02 by sunlight leads to the formation of ozone, which is balanced 
by the temperature dependent NO oxidation process (see, e.g., Kramm et al., 1996): 
N02 + hv + 02 -7 NO + 03 , 
NO + 03 -7 N02 + 02 . 
A simplified hydrocarbon (RH) chemistry forms peroxide radicals (R02) 
RH -7 R02, 
which act in concurrence with ozone according to 
NO + R02 -7 N02 . 
The restriction to one hydrocarbon representative with reaction constants strongly coupled to 
the corresponding NOx reactions is a preliminary of this study. 
e) Turbulent vertical diffusion: 
The turbulent vertical diffusion proceeds separately in the vertical subgrid of the near-surface 
layer and in the overall model grid. The lower boundary condition of the sub-layer (fixed 
concentration, see above point b) and the boundary at the top of the model grid (vanishing 
flux) underly the chosen model parameters. The interface, however, serves as the coupling 
between both diffusion systems: The upper boundary for the diffusion calculation in the sub-
layer is fixed by the actual concentration value above this layer, i.e. at the reference level of 
the second model layer. Reversely, the lower boundary condition for the diffusion calculation 
on the model grid is given by the flux at the top of the vertical subgrid. 
f) Passive transport and horizontal turbulent diffusion: 
The advection and diffusion processes above the surface-layer apply the usual model routines, 
whereas within the surface-layer separate routines are defined for the vertical diffusion 
(compare with point e) and the horizontal advection (semi-Lagrange). Horizontal diffusion 
and vertical advection, however, are assumed to be strongly dominated near the surface by the 
remaining processes and to be negligible, therefore. 
2.3. Horizontal-subgrid module 
The horizontal surface-subgrid method was originally introduced by Seth et al. (1994; see also 
Mölders et al., 1996). The standard model physics of the surface processes (as described in 
chapters 2.1 and 2.2) is employed on the cells of a horizontal subgrid, which is embedded into 
the model grid. Consequently, the topography and the surf ace classes of the subgrid cells 
determine all parameters, boundary conditions and other relevant properties conceming the 
surface and the soil. Moreover, even the reference values of temperature and hurnidity at the 
first model level (20 m) are involved in the subgrid discrirnination (Mölders, 1999). 
The module substitutes the soil and surf ace flux relations of the basic meteorological model 
by calculating them in the individual horizontal subgrid cells. The vertical diffusion coupling 
between the atmospheric variables on the model grid and the corresponding surface fluxes on 
the subgrid is performed by mutually utilizing the grid-reference values of the first model 
layer and the subgrid-averaged fluxes, respectively, at each time step of the simulations. 
Unlike the calculations for the meteorological quantities, the chemical transport calculations 
for the gaseous constituents are perf ormed as a whole on the horizontal subgrid, i.e. the high 
horizontal resolution is practised not only for the surface relations, but also for the higher 
atmosphere. Due to the additional vertical subgrid, an intersection of both subgrids takes place 
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Fig. 1 o: Anthropogenie emission rotes ( model grid) 
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Fig. 1 b: Anthropogenie emission rotes ( subgrid) 
25 
ppb/h 
100 
80 
60 
40 
20 
0 
ppb/h 
100 
80 
60 
40 
20 
0 
26 
70 
60 
50 
40 
30 
20 
10 
0 
0 10 20 30 40 50 60 70 80 90 100 
Fig. 2o: lnert-trocer concentrotions (type A: stondord) 
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Fig. 2b: lnert-tracer concentrations (type B: subgrid) 
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Fig. 2c: lnert-tracer concentrations (type C: high-resolved) 
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Fig. 3a: 0 3 deposition rotes (type A: standard) 
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Fig. 3b: 0 3 deposition rotes (type B: subgrid) 
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